T h e D e te r m in a tio n o f T h e r m o d y n a m ic P ro p e rtie s o f m e lts f r o m th e C u -S i-S y s te m b y M ass S p e c tr o m e try G. Riekert, P. Lamparter, and S. Steeb Max-Planck-Institut für Metallforschung, Institut für Werkstoffwissenschaften, Stuttgart Z. Naturforsch. 36a, 447-453 (1981); received February 25, 1981 The Knudsen effusion technique combined with mass spectrometry has been applied to de termine thermodynamic activities and excess Gibbs energies for the liquid Cu-Si System. The system shows a tendency for segregation over the entire composition range. Special features in the partial and integral properties could be interpreted by means of two models.
Introduction
Thermodynamic properties of a mixture can be described by the activities a* of the components i and their dependence on temperature:
where Pi° pressure of the pure component i and Pi partial pressure of the component i above the mixture.
di is related to the mole fraction xt by Eq. (2) ai = yi xi ,
where yt = activity coefficient.
To determine the partial pressure p\ by mass spectrometry the molecular beam effusing the Knudsen cell is ionized and separated spectroscopically. Then the intensities of the different ions are measured by an ion counter. The partial pressure Pi is derived from this measured value by Eq. (3) (see Ref. [1] ): pi = I i+ TK I(oi hi*yi),
where Ii measured intensity of the isotope k, T temperature inside the Knudsen cell, K geometric factor, (Tf ionization cross section dependend on electron energy, hik relative abundance of the isotope k, yi relative sensitivity of the multiplier.
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Two independent experiments are required to determine activities due to Eq. (1) to obtain the pressures above the alloy and the pure substance. However the change of the factor K caused by the change of the sample produces a large error.
To reduce these difficulties some methods have been developed by Berkowitz and Chupka [2] (Monomer-Dimer-Method) and by Belton and Fruehan [3] , [4] , [5] (Integration method). By mea suring the ratio of two ion currents above the mix ture the factor K can be eliminated and the ratio of the partial pressures can be obtained:
Integration Method
The method suggested by Belton and Fruehan was used in the present investigation starting from the Gibbs-Duhem-equation:
This equation relates the activities of the different components in the alloy to each other. Considering a binary system of the components 1 and 2 we ob tain a relation for the activity coefficients using Eqs. (1, 3, 5) : si (I2 + Xi\ ln y i = -J a;2dln -+-.
The partial heat of mixing AHi follows using the Clausius-Clapeyron equation:
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Experimental
A double focussing mass-spectrometer (MS 702, AEI, Manchester) was used to carry out the experi ments. To reach temperatures up to more than 2000 °C, the heating and Knudsen cell assembly had to be reconstructed [6] . The heating element con sisted of tungsten wire (1.5 mm diameter). I t was coiled in an inert atmosphere and fixed in two watercooled blocks of copper. The current supplies and the Knudsen cell support (tantalum tube) were also cooled by water. The best fixation of the Knudsen cell was obtained by a thread connection between cell and support. With this arrangement ( Fig. 1) it was possible to reach temperatures up to 2300 °C. The temperature was measured by a thermo couple (W-Re 3%-W-Re 25%, Heraeus) which was fixed in the bottom of the Knudsen cell. The heating current was controlled via this thermocouple by means of a temperature control (EUROTHERM).
The molecular beam enters the ionization region through a movable shutter by which Knudsen cell and ion source could be separated. In this way the species effusing the Knudsen cell could be identified.
In order to measure very small intensities an ion counting system consisting of a secondary electron multiplier and a multichannel analyzer (MCA) was used. By scanning simultaneously the electrostatic field of the mass spectrometer and the 4096 channels of the MCA a reproducible registration of the part of the spectrum of interest, e.g. the profile of a single mass line could be obtained.
A computer (PDP 11/03) connected to the MCA was used to write the data down on floppy disc. To investigate the Cu-Si melts Knudsen cells con sisting of high density graphite were used which had been coated with SiC as follows: Pure silicon was annealed 4 hours inside the graphite cell at 1500 °C and a layer of 0.8 to 0.9 mm was generated. Further annealing did not change this layer any more. Figure 3 shows schematically the Knudsen cell used.
Experimental Procedure
The values of isi//cm ^ 3:011 resPhad to be measured to determine thermodynamic proper ties according to equations (3) and (6) . The para meters a, h and y had to be kept constant during the complete set of runs.
The electron energy was chosen as E -18 eV for any investigated concentration. The energy scale was calibrated by means of the appearance poten tial of Ag+(APAg+) = 7.59 eV) [7] by linear extra polation [8] .
The ratio of isotopic abundances h was kept con stant as only 28Si-and 63Cu-isotopes were measured and evaluated.
The temperature was measured by a thermo couple as described, which was calibrated by means of the known melting point of Ag (960 °C) [9] and Cu (1083 °C) [9] .
The specimens were prepared from the pure com ponents Cu and Si (purity 99.99%) which were melted in an induction furnace and casted. The composition change caused by vaporization losses during the experiment was determined. From the weight loss of the sample according to Ref. [10] the sample-composition could be obtained. The arith metic mean between initial and final composition was taken for the evaluation.
About 0.5 to 1.5 g of the sample were put into the coated graphite Knudsen cell. Heating Avas started when the vacuum pressure of the ion source had reached a value of about 2 • 10-8 torr. The mea surements were carried out in a region of tempera ture of about 1250 K to 1700 K (Cu-rich samples) and 1650 K to 1800 K (Si-rich samples).
Using an acceleration voltage of 5 kV, an ioniza tion voltage of 18 V, and an electron trap current of 10 [xA, the mass spectrometer was adjusted on the mass line of 28Si+ and 63Cu+, respectively. This was done by the variation of the magnetic field measured by a Hall probe, which had been calibrated by a standard spectrum.
The ion intensities were measured by scanning the electric field and registrating with the MCA the profile of the respective mass line. The movable shutter and the isotopic distribution were used to identify the various species. It was also possible to separate signal and noise by means of the shutter.
The spectrometer's resolution was adjusted to obtain a good separation of the 28Si+-peak and the 28N2-peak (mass (28Si): 27.976929 [11] ; mass (28N2): 28.006146 => M/AM = 960). Table 1 shows the logarithms of the ratios of intensities ln icu/^si dependend on temperature and concentration. According to [12] the ionization cross sections for 18 eV electrons are ecu = 3.29 A2, o'si = 4.18 Ä2, and the relative abundances [13] :
Evaluation and Results
h (®3Cu) = 69.09% , h (28Si) = 92.21 % .
A plot of In Iq JIsi vs. temperature for the various compositions is shown by Figure 4 . The straight lines of the form were evaluated by least squares analysis. Table 2 shows the results. As indicated in Fig. 4 an intersection was applied to these lines at a temperature of 1700 K and the values obtained were used for the integration plot [ln(/cu^si)/(/sia;cu) vs-#si] which is necessary for the evaluation of activities (see Figure 5 ). The values obtained by numerical integration according to Eq. (6) are listed in Table 3 for the both components copper and silicon. Figure 6 shows the activities vs. atomic fraction at 1700 K. Additionally more partial and integral properties of mixing were calculated using In ycu and In ysi • Thus the excess Gibbs energy is AG* = xCuR T In yCu + xSiR T In ys l. (8) i"Cu //E /^Si The excess Gibbs energy AGE vs. atomic fraction at T -1700 K is presented in Fig. 7 as well as the Table 4 .
Discussion
As indicated by Fig. 6 we find that the Cu-Si melts show a significant tendency to self-coordina tion i.e. segregation because the activity curves mainly exceed the Raoult's lines of ideal mixture. Exceptional behaviour is only shown by the copperactivity between 0 at.% and 35 at.% Si.
The Gibbs energy allows a definite statement about Cu-Si melts over the entire composition range because it combines both acitivitiy coefficients (see Figure 7) .
The above mentioned peculiarity of the activity of copper is expressed by the lower values of ACrE on the copper-rich side rather than on the siliconrich side. This A(?E-curve is interpreted by the application of two models in the following. The estimated over-all error is about ± 5 % at a con centration of 50 at.%
Regular Model
The Regular Model suggested by Hildebrand [14] describes the property of mixing as a quadratic function of concentration:
where the magnitude and sign of the constant ßo describes the magnitude and nature of the atomic interaction. If ßo is independent of concentration and positive, a system with segregation tendency must be assumed. To apply the Regular Model, the function AGe/xiX2 vs. is plotted (Fig. 8, upper  part) .
The values of AGE from Fig. 7 yield the drawn curve. It is obvious, that the Cu-Si melts above 50 at.% Si can be well described by the Regular Model which is indicated by the dashed line. Below 50 at.% Silicon we find the parameter ß to be de pendent on concentration, thus AG?xplx1x2 = ß(x1).
This dependence of ß on concentration is illustrated in Fig. 8 
The order R of the model is defined by n -f m ^ R .
For the activities aAnBm of the agglomerates the mass laws (12) may be valid:°>
The mass law (ML) constants K nm are considered as the parameters of the model. Each deviation from Raoult's Law is described by Eq. (12) and thus the real binary A-B system is replaced by an ideal (R2 + 3 R)/2-System. Interactions of the A and B atoms are described by the ML-constants of the model. One atom ap pears either as a free particle (no interaction) or as a partner in an agglomerate.
Though this description is a strong simplification of the real conditions, a good approximation of the measured values can be obtained even by the as sumption of simple agglomerates. The parameters of these agglomerates (ML-constants) were deter mined by a computer program [16] which applies least squares analysis.
In the present work the computations were carried out assuming Si4 and Cu4Si agglomerates. Correspondent to results from diffraction experi ments of Si-and Al-Si-melts the Si4 seemed to be significant [17] . The reduction of the activity of copper at about 20 at.% Si should be described by Cu4Si.
To obtain a still better approximation of the segregation tendency, a CU4 agglomerate was as- Especially the computed activity of copper lies under Raoult's line on the copper-rich side just as it was obtained from the experiment.
The ML-constants were as follows: This had been observed earlier [18] in the Ag-Si system which shows similar behaviour of activities as well as in the Au-Si system.
